1. Introduction {#s0005}
===============

In radiotherapy, images used for treatment planning serve three main purposes; representation of the anatomy for target and organ at risk segmentation, information for dose calculation and optimization, and as the positioning reference at treatment. CT and MR are two imaging modalities that both depict the patient in three dimensions with high spatial resolution, adequate for precision radiotherapy planning. The tissue properties that determine the appearance of the images are however fundamentally different between the two. CT provides a map of the attenuation properties of tissue represented by Hounsfield units (HU). The contrast in MR is determined by a multitude of factors such as proton density, relaxivity of the tissue, flow, diffusion and chemical composition. The weighting between these factors is determined by the acquisition sequence.

One strength of MR compared to CT is that MR can be optimized to enhance different aspects of the tissue. Anatomical MR sequences have superior soft tissue contrast compared to CT and MR is the diagnostic imaging modality of choice to visualize most of the tumors treated with definitive radiotherapy [@b0005], [@b0010], [@b0015], [@b0020]. Potential for significant benefits has been described for many indications, for example in prostate [@b0025], head and neck [@b0030], bladder [@b0035]. MR also allows full flexibility of orientation of the imaging planes. Sagittal, coronal or anatomically determined imaging planes are often used in combination with standard transversal planes to achieve the best possible visualization of anatomical features. Certain MR sequences can give information about physiological or chemical properties of the tumor, many of which are explored as noninvasive biomarkers for adaptive treatment schedules and dose painting [@b0040], [@b0045], [@b0050], [@b0055]. CT is superior regarding dose calculation accuracy as it provides a direct measurement of the attenuation in tissue.

Integration of MR in the radiotherapy workflow could be either as a secondary information source co-registered to a planning CT and used for delineation of selected structures, or as a primary image set used both for delineation and optimization of the treatment. The latter alternative is often referred to as MR-only radiotherapy planning as it does not include a CT image set. To date only a few centers have treated patients with MR-only based treatment planning and only three described the implementation in a publication [@b0060], [@b0065], [@b0070].

1.1. Rational for MR-only radiotherapy {#s0010}
--------------------------------------

There are three main advantages put forward in the literature in favor of MR-only radiotherapy planning compared to a workflow where CT is the primary imaging modality and MR a secondary (CT-MR workflow). The advantage for MR-only most often mentioned is that the registration between CT and MR will introduce geometrical uncertainties [@b0015], [@b0065], [@b0075], [@b0080], [@b0085], [@b0090], [@b0095]. These errors introduced in the planning stage will affect each fraction and are systematic. In an MR-only workflow, image registration with the introduction of geometrical uncertainties is avoided. Secondly, it is hypothesized that MR-only is more efficient and cost-effective as no CT acquisition is necessary [@b0015]. This would be of special importance in the scenario of adaptive radiotherapy based on MR data. Finally, the unspecific exposure of ionizing radiation will be reduced with the exclusion of CT. Although this statement is correct, the dose reduction is marginal as compared to the treatment dose the patients will receive, and we will therefore not examine this argument in depth in this review. These advantages apply to traditional linac based treatments. The introduction of combined MR and treatment units, MR-linacs, could bring further advantages in areas such as adaptive treatment, where re-planning could be executed daily on the acquired MR image set.

1.2. Challenges {#s0015}
---------------

MR is inherently not a quantitative imaging modality. This means that the pixel values in a standard MR image does not have a unit and the magnitude has no particular meaning. There are some underlying tissue properties that can be quantified with MR, such as the T1 and T2 relaxation times, but it is not possible to acquire an image that directly can be used for dose calculations. Therefore, effort has been put into creating methods to translate MR image data into CT like images, so called synthetic CTs (S-CT). The S-CT is used for dose calculations and in some scenarios to generate positioning references such as digitally reconstructed radiographs (DRR's). Two reviews focused on the S-CT generation techniques have recently been published [@b0100], [@b0105]. The reported dosimetric difference between planning on CT and the S-CT were typically less than 1% in publications using atlas- or voxel-based techniques [@b0105].

Another challenge in an MR-only workflow is the geometrical distortions that MR images are subject to as a result of the way the spatial position of signal is encoded. There are ways to reduce and mitigate distortions, and modern MR scanners have efficient corrections that can be applied. Characterization of distortions and methods to monitor the geomatical performance of the MR scanners are pivotal in the introduction of MR-only radiation treatment planning. The subject has attracted a lot of scientific attention over the last decade, but there is still work to be done [@b0110], [@b0115], [@b0120], [@b0125]. In particular, the area of appropriate effective QA measures to guarantee the performance for each and every patient is not sufficiently studied.

Finally, reliable quality control systems must be in place prior to implementation of MR-only treatment planning. The methods used for converting MR into S-CT are often abstract and there is a risk that atypical anatomy or artifacts in the MR data is misinterpreted resulting in faulty S-CTs. E.g. the use of S-CT for positioning of prostate cancer patients with fiducial markers is a scenario which highlighted in literature. The markers are not directly visualized with MR, but appear as a signal void, which may be confused with for example calcifications [@b0065], [@b0130], [@b0135], [@b0140], [@b0145]. The challenges connected to MR-only treatment planning have been described in a recent review [@b0090].

The use and future potential of MRI in radiation oncology has been reviewed in several recent publications [@b0010], [@b0015], [@b0150], [@b0155], [@b0160]. MR-only radiation treatment planning is a tool which could facilitate improved utilization of the potential with MRI in radiotherapy. The introduction of MR-only treatment planning must be based on a careful evaluation of investment versus gain. Therefore, the aim of this work was to critically examine the arguments for MR-only treatment planning. Which are the current indications that MR-only treatment planning will improve the accuracy of the treatment? Is it correct that MR-only treatment planning will save resources with the tools that are available today?

2. Methods {#s0020}
==========

The present text is not a systematic review, rather an overview of the research area. A literature search was performed with focus on the clinical opportunities. The Pubmed search terms used for the identification of articles describing clinical implementation of MR-only treatment planning were variants of "MR-only treatment planning" and "MR-only workflow" in title or abstract combined with a citation search. The findings were divided into two groups. 1) Target definition and margins, 2) benefits from a department logistics perspective. The analysis presented are based on both the findings from literature and our own long experience in a combined MR-CT workflow as well as the introduction of MR-only radiotherapy planning.

3. Results and discussion {#s0025}
=========================

We could only identify 3 publications describing clinical implementation of MR-only radiotherapy (all for prostate cancer). With two commercial solutions recently put on the market the clinical utilization could be expected to grow over the coming years.

3.1. Target definition and margins {#s0030}
----------------------------------

The main rationale for including MR imaging into the radiotherapy workflow is the increased soft tissue contrast, leading to better tumor volume definitions. This has also been studied quite extensively and demonstrated for a variety of tumor sites. Several studies have been published on prostate delineations [@b0165], [@b0170], [@b0175], all showing smaller volume definitions on MR as compared to CT, ranging from a 19--32% reduction in delineated volume. Other groups have focused on the physician variability in delineations [@b0180], [@b0185] and demonstrated significant reductions in both inter- and intra-observer variability when using MR instead of CT. In a recent consensus paper Ménard et al. argued that the main gain with MRI in the handling of prostate cancer patients is not the delineation of the prostate itself, but rather the potential to identify intra-prostatic lesions for boost [@b0190]. Brain tumors have also been studied, showing that MR does not reduce the interobserver variability and increased the size of the delineated volumes, indicating that MR is indispensable for radiotherapy treatment planning in the brain by resolving conspicuous anatomy which was not seen using CT imaging alone [@b0195], [@b0200], [@b0205]. In the head and neck area, the results of the studies have varied due to the type of tumor which has been studied, but in general the conclusions have stated the MR is more accurate for tumor delineation [@b0210], [@b0215], [@b0220].

The impact of these findings could affect the actual volume that is irradiated. The gross tumor volume (GTV) is simply the visible tumor on the modality used as a basis for the decision [@b0225], [@b0230]. The GTV will be dependent on several factors which are of interest in this context, e.g. the visibility of the tumor (which is modality and image quality dependent) and delineation noise (i.e. inter- and intra-observer variability). On the GTV, a margin based on general oncologic principles will be added, creating the clinical target volume (CTV). This margin should account only for the local invasive potential and capacity to spread of the tumor and will vary with tumor type and anatomic location. Finally, another margin is added creating the planning target volume (PTV), which should account for all geometric uncertainties associated with the treatment, e.g. tumor movement and shape variations, set-up uncertainties, mechanical uncertainties and so on. Looking at the definitions of these margins, it becomes evident that adding an MR to the CT based workflow will likely improve the GTV definition but will add geometrical uncertainty due to image registration which must be accounted for in the PTV concept.

What is then the magnitude of uncertainty in image registration? This is not an easy thing to answer, keeping in mind that a mere difference in position of a certain landmark within a patient needs to not necessarily stem from registration uncertainty. Such a difference could also stem from anatomic movement between two imaging sessions, which is already accounted for in the PTV margin. Ulin et al. [@b0235] investigated the registration accuracy in images of the brain (the skull and brain can be viewed as a rigid body which is preferable in this case) by sending MR and CT datasets to 45 different clinics and having them register the image sets in whatever fashion they preferred. The average inherent uncertainty of the registrations where 2.2 mm (1 S.D.), which should be accounted for in the PTV margin. Another example was published by Roberson et al. [@b0240], where they compared a subvolume registration of the prostate (i.e. extracting a small volume around the prostate and considering it a rigid body) to manual landmark registration using implanted brachytherapy seeds. They estimated the error of the registration to be around 2 mm. The implication of registration uncertainties in the MR-CT workflow will depend how the MR and CT image information is used in the workflow. [Fig. 1](#f0005){ref-type="fig"} provides a schematic representation of three different scenarios given in row B--D. With exception of the intra-cranial anatomy, there is a substantial risk for differences in the anatomical configuration of the patient in the MR and CT examination. This makes registrations challenging. In the scenario where MR and CT could be registered with high accuracy and precision based on the structures used for positioning the patient, then both target and OAR should be delineated based on the MR information as illustrated in [Fig. 1](#f0005){ref-type="fig"}. A MR-CT workflow for prostate cancer is an example of this scenario. For prostate cancer patients there are examples where a registration based on fiducial markers will result in large discrepancies in the positions of the organs at risk in the MR and CT examination. This could be distracting, but as long as all delineations of target and OAR are done based on the MR data the plan will be consistent. A more hypothetical scenario is a high accuracy registration between the target volumes as represented by MR and CT (see [Fig. 1](#f0005){ref-type="fig"}, row C). If this is possible, which also implies that the target volume should be rigid, then the target could be delineated based on MR information and organ at risk based on the CT information. The plan will be based on the observed patient anatomy from the CT. This scenario may be applicable and useful for larynx cancer patients where very focused MR imaging may be used and larynx registration between MR and CT may give sufficient accuracy [@b0245].Fig. 1Schematic representation of three different registration scenarios in a MR-CT radiotherapy workflow. The anatomy of the patient as visualized with MR is given in red and visualized with CT in green. In the registration column registrations between MR and CT are visualized. Structure positions that should not be used when planning the treatment are dotted. Row B shows the situation where the registration has been focused on the anatomical structures used for positioning of the patient at treatment. In this situation all structures should be delineated on MR, and the plan will be based on the observation of the anatomy as given in the MR examination. Row C shows a situation where a very accurate registration of the target volume has been achieved, while the registration of the structures used for positioning of the patient are of low quality. In this scenario all structures except the target should be delineated on CT, and the plan will be based on the observation of the anatomy as given in the CT examination. The final row D, illustrates the scenario where the registration has resulted in errors for both the target volume and the structure used for patient positioning. In this case, it will be impossible to get an unambiguous representation of the patient anatomy unless the positioning of the patient is done using the MR information. The position of the target relative the positioning structure will be a mixture between the MR and CT observation and delineations of the OAR can be consistent with the target or the positioning structure, but not with both. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

With variations in anatomy between MR and CT and using an unfocused registration approach it is likely that the result will be as illustrated in [Fig. 1](#f0005){ref-type="fig"} row D. The registrations can be poor for both the target and positioning structures. In this case it is not possible to achieve an unambiguous representation of the patient for planning using both MR and CT. This is the scenario where MR-only radiotherapy planning will have the largest impact increasing the spatial accuracy of the treatment.

To summarize, in patient groups where MRI is superior to CT and where variations in the anatomical configuration between imaging sessions are present, achieving accurate registration between MR and CT is difficult. If it is not possible to achieve high quality registrations focused on the structures used to position the patient at treatment in a MR-CT workflow, then MR-only treatment planning could lead to significant reduction in systematic spatial uncertainty. This could be translated into reduced exposure of healthy tissue, either through reduced PTV margin or reduced uncertainty in a probabilistic planning optimization. The relative effect would be most pronounced for small target volumes and when highly heterogenous dose distributions are prescribed.

3.2. Logistics and adaptive treatment {#s0035}
-------------------------------------

Logistic considerations are often mentioned as an argument for MR-only treatment planning. The removal of the CT from the workflow will mean one examination less for the patient, and in addition, the removal of the registration of MR to CT in the workflow will also reduce the workload. However, there are also additional, mostly QA related, steps that need to be taken. Current S-CT generation methods have limitations with regard to implants, body size, atypical anatomy and body position [@b0065]. e.g. atlas based S-CT generation methods won't be able to correctly convert patients which have undergone brain surgery and removed a part of the skull, and at present, no method can correctly convert a patient with hip implants due to the large metallic artifacts generated in the MR. The generation of an S-CT from MR images is a process, at least with the present solutions, which is largely a black box, and therefore requires patient specific QA. Even though the published dosimetric results are convincing, there is still a lack of knowledge about the failure modes and no real consensus on how the QA should be conducted. In the MR-OPERA study including 170 patients, 24 had to be excluded most commonly because of MR acquisition errors [@b0250]. It should also be mentioned that while the dosimetric properties of various S-CT solutions have been extensively characterized, substantially less attention has been payed to the accuracy and precision of positioning based on S-CT or MR data. Positioning of prostate cancer patients using fiducial markers has been subject to a relatively large number of studies. These markers are visible on MR, but not with 100% sensitivity or specificity [@b0065], [@b0130], [@b0135], [@b0140], [@b0145]. There is therefore an obvious need for patient specific quality control measures. Positioning based on bony structures has been studied to a lesser extent, and typically on small patient cohorts for brain: [@b0255], [@b0260], [@b0265] and pelvis [@b0270]. MR-only radiotherapy is still in an early implementation phase, where the QA should be more extensive than what would be expected for a fully established procedure. It is therefore not surprising that the clinical procedures that have been described in literature are characterized by multiple QC steps and do likely not reduce the workload at the department. Under these circumstances it is also not surprising that there are still no publications that are able to show a reduced workload or health economic benefits of MR-only treatment planning. When the technology has matured, likely, there will still be some specific QA tests for MR-only radiotherapy, i.e. regular phantom scanning to ensure that the MRI scanner is not changing with regards to geometry (for example if metal has been introduced into the scanner bore) and constancy checks for the S-CT generation software after software updates.

A vast majority of the patients treated with external beam radiotherapy are subject to a fractionated treatment strategy where the entire treatment is planned prior to the first fraction. In this workflow, care should be taken to avoid introduction of systematic spatial uncertainties or ambiguities. MR-only treatment planning could play a role in this aspect as described above. It is likely that adaptive radiation therapy (ART) will be increasingly used in the future [@b0275]. The idea is to be able to react to changes in anatomy or biology observed during treatment or to systematic or random daily variations using imaging [@b0160]. At present, the number of success stories have been limited, which at least to some extent could be explained by lack of software support and integrated solutions. A great exception is cervical brachy therapy where an adaptive approach driven by MR imaging in connection to each fraction is established and has been used to benefit of patients for a long time [@b0280]. Anatomical changes are best visualized using MRI and there are strong indications that functional MRI could serve as a basis for adaptation of the treatment for example for head and neck cancer [@b0030], rectal cancer [@b0285], and with integrate MR-Linac solutions a whole range of indications [@b0155], [@b0290]. In every scenario where the treatment is adapted for a patient for whom anatomical changes of significance have occurred, a re-optimization has to be performed. For patients where the adaptation has been driven by MR, there are three options; either an MR-only workflow with generation of an S-CT based on the MR examination that triggered the adaptation, a deformable registration of the planning CT or finally the possibility of acquiring a new CT followed by registration. MR driven ART will most likely be accompanied by broad introduction of MR-only treatment planning.

In case the patient is positioned using visualization of the target volume for example with MR in a MR-Linac, the scenario is different. Possible errors in the registration between MR and CT will then not introduce a risk for geographic miss, but rather introduce possible minor dosimetic errors. This has the somewhat counterintuitive effect that MR-only treatment planning may be less important when treating with an MR-Linac compared to treatment on a standard treatment unit with X-ray based positioning. The electron return effect [@b0295], which is pronounced for high field MR-Linacs is a viable argument for MR-only treatment planning also for MR-Linacs. As the dose distribution will depend on the occurrence of air cavities, the position of these cavities needs to be correctly depicted and accounted for in the optimization of the treatment.

4. Conclusions {#s0040}
==============

MR-only treatment planning is feasible and has been demonstrated clinically. The geometrical accuracy benefits of MR-only treatment planning compared to standard MR-CT workflow depend on the quality of the MR-CT registration. The smallest benefits are expected when it is possible to achieve high accuracy registrations of the structures used for positioning the patient at treatment, such as for prostate cancer patients using fiducial markers. The biggest advantage of MR-only treatment planning will be for patients where registrations of the positioning structures are difficult which could be the case for example for head and neck cancer patients. Still, MR-only treatment planning is a very natural development for all patient groups where MR images are the primary information carriers and will likely be standard procedure for several of the large patient groups in the coming years.
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